We present optical spectroscopy of galaxies in clusters detected through the Sunyaev-Zel'dovich (SZ) effect with the South Pole Telescope (SPT). We report our own measurements of 61 spectroscopic cluster redshifts, and 48 velocity dispersions each calculated with more than 15 member galaxies. This catalog also includes 19 dispersions of SPT-observed clusters previously reported in the literature. The majority of the clusters in this paper are SPT-discovered; of these, most have been previously reported in other SPT cluster catalogs, and five are reported here as SPT discoveries for the first time. By performing a resampling analysis of galaxy velocities, we find that unbiased velocity dispersions can be obtained from a relatively small number of member galaxies ( 30), but with increased systematic scatter. We use this analysis to determine statistical confidence intervals that include the effect of membership selection. We fit scaling relations between the observed cluster velocity dispersions and mass estimates from SZ and X-ray observables. In both cases, the results are consistent with the scaling relation between velocity dispersion and mass expected from dark-matter simulations. We measure a ∼30% log-normal scatter in dispersion at fixed mass, and a ∼10% offset in the normalization of the dispersion-mass relation when compared to the expectation from simulations, which is within the expected level of systematic uncertainty.
INTRODUCTION
Clusters of galaxies cause a distortion in the cosmic microwave background (CMB) from the inverse Compton scattering of the CMB photons with the hot intra-cluster gas, commonly called the Sunyaev-Zel'dovich (SZ) effect (Sunyaev & Zel'dovich 1972) . SZ cluster surveys efficiently find massive, high-redshift clusters, primarily due to the redshift independence of the brightness of the SZ effect, with completed SZ surveys by the South Pole Telescope (SPT), Atacama Cosmology Telescope (ACT), and Planck having identified over 1000 clusters by their SZ distortion (see, e.g., Staniszewski et al. 2009; Vanderlinde et al. 2010; Williamson et al. 2011; Reichardt et al. 2013; Marriage et al. 2011; Hasselfield et al. 2013; Planck Collaboration et al. 2011 . SZ-selected samples have provided a unique window into high-redshfit cluster evolution (see, e.g., McDonald et al. 2012 McDonald et al. , 2013 Bayliss et al. 2013) , and have also been used to constrain cosmological parameters (see, e.g., Benson et al. 2013; Reichardt et al. 2013) .
In this paper, we report spectroscopic observations of galaxies associated with 61 galaxy clusters detected in the 2500 deg 2 SPT-SZ survey. This work is focused on measuring spectroscopic redshifts, which can inform cosmological studies in two ways. First, we present spectroscopically determined cosmological redshifts for most clusters. The measured spectroscopic redshifts are useful as a training set for photometric redshift measurements (High et al. 2010; Song et al. 2012) .
Second, we present velocity dispersions, which are a potentially useful observable for measuring cluster mass (White et al. 2010; Saro et al. 2013) . The cosmological constraints from the SPT-SZ cluster survey are currently limited by the uncertainty in the normalization of the SZmass relation (Benson et al. 2013; Reichardt et al. 2013 ). This motivates using multiple mass estimation methods, ideally in a joint likelihood analysis. Our group is pursuing X-ray observations (Andersson et al. 2011) , weak lensing (High et al. 2012) , and velocity dispersions to address the cluster mass calibration challenge. Currently, the relationship between the SZ observable and mass is primarily calibrated in a joint fit of SZ and X-ray data to a model that includes cosmological and scaling relation parameters (Benson et al. 2013) . Like the SZ effect, X-ray emission is produced by the hot gas component of the cluster, so velocity dispersions and weak lensing are important for assessing any systematic biases from gasbased proxies. Velocity dispersions also have the advantage of being obtainable from ground-based telescopes up to high redshift.
The velocities of SPT cluster galaxies presented here are primarily derived from our spectroscopic measurements of 61 massive galaxy clusters. These data are used to produce 48 velocity dispersions for clusters with more than 15 member galaxies, several of which we have already presented elsewhere (Brodwin et al. 2010; Foley et al. 2011; Williamson et al. 2011; McDonald et al. 2012; Stalder et al. 2013; Reichardt et al. 2013; Bayliss et al. 2013) . These are, for the most part, the data obtained through 2011 in our ongoing spectroscopy program. We also list dispersions collected from the literature, including observations of 14 clusters that were also detected by ACT and targeted for spectroscopic followup by the ACT collaboration (Sifón et al. 2013 ).
This paper is organized as follows. We describe the observations and observing strategy in Section 2. In Section 3, we present our results, including the individual galaxy velocities and cluster velocity dispersions, and we investigate the phase-space galaxy selection using a stacking analysis. In Section 4, we use a resampling analysis to calculate cluster redshift and dispersion uncertainties that take the effect of the membership selection into account. We explore the properties of our sample of velocity dispersions by comparing them with SZ-based SPT masses, X-ray temperatures, and X-ray-derived masses in Section 5. The evaluation of our observing strategy and outstanding questions are summarized in the conclusion, Section 6.
Throughout this paper, we define M 500c (M 200c ) as the mass contained within R 500c (R 200c ), the radius from the cluster center within which the average density is 500 (200) times the critical density at the cluster redshift. Conversion between M 500c and M 200c is made assuming an NFW density profile and the Duffy et al. (2008) mass-concentration relation. We report uncertainties at the 68% confidence level, and we adopt a WMAP7+BAO+H 0 flat ΛCDM cosmology with Ω M = 0.272, Ω Λ = 0.728, and H 0 = 70.2 km s −1 Mpc −1 (Komatsu et al. 2011 ).
OBSERVATIONS

South Pole Telescope
Most of the galaxy clusters for which we report spectroscopic observations were published as SPT cluster detections (and new discoveries) in Vanderlinde et al. (2010) , Williamson et al. (2011) , and Reichardt et al. (2013) ; we refer the reader to those publications for details of the SPT observations. In Table 1 , we give the SPT identification (ID) of the clusters and their essential SZ properties. This includes the right ascension and declination of the SZ center, the cluster redshift, and the SPT detection significance ξ. We also report the SPT cluster mass estimate, M 500c,SPT , as reported in Reichardt et al. (2013) , for those clusters at redshift z ≥ 0.3, the redshift threshold used in the SPT cosmological analysis. As described in Reichardt et al. (2013) , the SPT mass estimate is measured from the SPT SZ significance and X-ray measurements, where available, while accounting for the SPT selection, and marginalizing over all uncertainties in cosmology and the cluster observable scaling relations. The last columns indicate the source of the spectroscopy, our own measurements for 61 clusters, and a literature reference for 19 of them. Five clusters have data from both sources.
There are 11 clusters that do not appear in prior SPT publications, and are presented here as SPT detections for the first time. Five of them are new discoveries (identified with * in Table 1) , and the other six were previously published as ACT detections (Marriage et al. 2011 , identified with ** in Table 1 ). These SPT detections will be reported in an upcoming cluster catalog from the full 2500 deg 2 SPT-SZ survey. One cluster, SPT-CL J0245-5302, is detected by SPT at high significance, however because of its proximity to a bright point source (< 8 arcmin away), it is not included in the official catalog. SPT-CL J2347-5158 had a higher SPT significance in early maps of the survey, but has ξ < 4.0 in the 2500-deg 2 survey. The SPT significance and mass are not given for these two clusters.
Optical Spectroscopy
The spectroscopic observations presented in this work are the first of our ongoing follow-up program. The data were taken from 2008 to 2012 using the Gemini Multi Object Spectrograph (GMOS; Hook et al. 2004) on Gemini South, the Focal Reducer and low dispersion Spectrograph (FORS2; Appenzeller et al. 1998) In order to place a large number of slitlets in the central region of the cluster, most of the IMACS observations were conducted with the Gladders Image-Slicing Multi-slit Option (GISMO 2 ). GISMO optically remaps the central region of the IMACS field-of-view (roughly 3.5 × 3.2 ) to sixteen evenly-spaced regions of the focal plane, allowing for a large density of slitlets in the cluster core while minimizing slit collisions on the CCD.
Details about the observations pertaining to each cluster, including the instrument, optical configuration, number of masks, total exposure time, and measured spectral resolution are listed in Table 2 .
Optical and infrared follow-up imaging observations of SPT clusters are presented alongside our group's photometric redshift methodology in High et al. (2010) , Song et al. (2012) and Desai et al. (2012) . Those photometric redshifts (and in a few cases, spectroscopic redshifts from the literature) were used to guide the design of the spectroscopic observations. Multislit masks were designed using the best imaging available to us, usually a combination of ground-based griz (on Blanco/MOSAIC II, Magellan/IMACS, Magellan/LDSS3, or BV RI on Swope) and Spitzer/IRAC 3.6µm. In addition, spectroscopic observations at Gemini and VLT were preceded by at least one-band (r or i) pre-imaging for relative astrometry, and two-band (r and i) pre-imaging for red-sequence target selection in the cases where the existing imaging was not deep enough. The exposure times for this pre-imaging were chosen to reach a magnitude depth for galaxy photometry of m + 1 at 10σ at the cluster redshift.
In designing the multislit masks, top priority for slit placement was given to bright red-sequence galaxies (the red sequence of SPT clusters is discussed in the context of photometric redshifts in High et al. 2010; Song et al. 2012) , as defined by their distance to either a theoretical or an empirically-fit red-sequence model. The details varied depending on the quality of the available imaging, the program and the prioritization weighting scheme of the instrument's mask-making software. In many of the GISMO observations, blue galaxies were given higher priority than faint red galaxies because, especially at high redshift, they were expected to be more likely to yield a redshift. The results from the different red-sequence weighting schemes are very similar, and few emission lines are found, even at z 1 (Brodwin et al. 2010; Foley et al. 2011; Stalder et al. 2013 , these articles also provide more details about the red-sequence nature of spectroscopic members). The case of SPT-CL J2040-4451 at z = 1.478 is different and redshifts were only obtained for emission-line galaxies (Bayliss et al. 2013) . In all cases, non-red-sequence objects were used to fill out any remaining space in the mask. The dispersers and filters, listed in Table 2 , were chosen (within the uncertainty on the photo-z) to obtain low-to medium-resolution spectra covering at least the wavelengths of the main spectral features that we use to identify the galaxy redshifts: [O II] emission, and the Ca II H&K absorption lines and break.
The spectroscopic exposure times (also in Table 2 ) for GMOS and FORS2 observations were chosen to reach S/N = 5 (S/N = 3) per spectral element just below the 4000Å break for a red galaxy of magnitude m + 1 (m +0.5) at z < 1 (z > 1). Under the conditions prevailing at the telescope during classical observing, the exposure times for the Magellan observations were determined by a combination of experience, real-time quick-look reductions, and airmass limitations.
Data Processing
We used the COSMOS reduction package 3 (Kelson 2003) for CCD reductions of IMACS and LDSS3 data, and standard IRAF routines and XIDL 4 routines for GMOS and FORS2. Flux calibration and telluric line removal were performed using the well-exposed continua of spectrophotometric standard stars (Wade & Horne 1988; Foley et al. 2003) . Wavelength calibration is based on arc lamp exposures, obtained at night in between science exposures in the case of IMACS and LDSS3, and during daytime in the same configuration as for science exposures for GMOS and FORS2. In the case of daytime arc frames, the wavelength calibration was refined using sky lines in the science exposures.
The redshift determination was performed using crosscorrelation with the fabtemp97 template in the RVSAO package for IRAF (Kurtz & Mink 1998) or a proprietary template fitting method using the SDSS DR2 templates, and validated by agreement with visually identified absorption or emission features. A single method was used for each cluster depending on the reduction workflow, and both perform similarly. Comparison between the redshifts obtained from the continuum and emission-line References.
- (1) Note. -SPT ID of each cluster, right ascension and declination of its SZ center, and redshift z (from Tables 4 and  5 , for reference). Also given are the SPT significance ξ and the SZ-based SPT mass, marginalized over cosmological parameters as in Reichardt et al. (2013) , for those clusters at z ≥ 0.3, except for two, as described in Section 2.1. Clusters marked with ** are reported here as SPT detections for the first time, and those with * are new discoveries. Note. -The instruments used for our observations are IMACS on Magellan Baade, LDSS3 on Magellan Clay, GMOS-S on Gemini South, and FORS2 on VLT Antu. The UT date of observation, details of the configuration and the number of observed multislit masks are given, as well as the number of member redshifts retrieved from the observation (N ≡ N members ), and the total spectroscopic exposure time for all masks, texp, in hours. The spectral resolution is the FWHM of sky lines in Angstroms, measured in the science exposures.
redshifts, when both are available from the same spectrum, shows that the uncertainties on individual redshifts (twice the RVSAO uncertainty, see e.g. Quintana et al. 2000) correctly represent the statistical uncertainty of the fit.
A few-N members Spectroscopic Strategy
Modern multi-object spectrographs use slit masks, so that the investment in telescope time is quantized by how many masks are allocated to each cluster. The optimization problem is, therefore, to allocate the observation of m masks across n clusters so as to minimize the uncertainty on the ensemble cluster mass normalization.
We pursue a strategy for spectroscopic observations informed by the expectation (from N -body simulations; see e.g. Kasun & Evrard 2005; White et al. 2010; Saro et al. 2013 ) that line-of-sight projection effects induce an unavoidable intrinsic scatter of 12% in log dispersion (ln σ) at fixed mass, implying a 35% scatter in dynamical mass (Saro et al. 2013, see Equation 15 of the present paper). As this 35% intrinsic scatter needs to be added to the dynamical mass uncertainty of any one cluster, for the purpose of mass calibration, obtaining coarser dispersions on more clusters is more informative than measuring higher-precision velocity dispersions on a few clusters. Considering the results of those simulations and the experience encapsulated in the velocity dispersion literature (e.g. Girardi et al. 1993) , we have adopted a target of N members ∼ 20 − 30, where N members is the number of spectroscopic member galaxies in a cluster. This target range of N members can be obtained by observing two masks per cluster on the spectrographs available to us.
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The use of a red-sequence selection to target likely cluster members is a necessary feature of this strategy, as a small number of multislit masks only allows us to target a small fraction of the galaxies in the region of the sky around the SZ center.
In discussions throughout this paper, we often use a N members ≥ 15 cut. We note that this number is chosen somewhat arbitrarily for the conservative exclusion of systems with very few members. As we will see in the resampling analysis of Section 4, no special statistical transition happens at N members = 15, and dispersions with fewer members could potentially be used for reliable mass estimates.
Recent simulations and our data suggest that this choice of few-member strategy may increase the scatter due to systematics in the measured dispersions. This is discussed in Section 4.1.
RESULTS
Individual Galaxy Redshifts
The full sample of redshifts for both member and nonmember galaxies is available in electronic format. In Table 3, we present a subset composed of central galaxies, for the 50 clusters where we have the central galaxy 5 Some of the observations presented here depart from this model and have only one slitmask with correspondingly fewer members. In some cases the second mask has yet to be observed, while in others observations were undertaken with different objectives (e.g. the identification and characterization of high-redshift clusters, the follow-up of bright sub-millimeter galaxies, and long slit observations from the early days of our follow-up program). Finally, some clusters of special interest were targeted with more than 2 masks.
redshift. We have visually selected the central galaxy for each cluster to be a large, bright, typically cD-type galaxy that is close to the SZ center and that appears to be central to the distribution of galaxies. For each galaxy, the table lists the SPT ID of the associated cluster, a galaxy ID, right ascension and declination, the redshift and redshift-measurement method, and notable spectral features. Table 4 lists the cluster redshifts and velocity dispersions measured from the galaxy redshifts.
Cluster Redshifts and Velocity Dispersions
The cluster redshift z is the biweight average (Beers et al. 1990 ) of member galaxy redshifts (see below) with an uncertainty given by the standard error, as explained in Section 4.2. Once the cluster redshift is computed, the galaxy proper velocities v i are obtained from their redshifts z i by v i = c(z i − z)/(1 + z) (Danese et al. 1980) . The velocity dispersion σ BI is the square root of the biweight sample variance of proper velocities, the uncertainty of which we found to be well described by 0.92σ BI / √ N members − 1 when including the effect of membership selection (Section 4.2; see Section 4.1 for the formula of the biweight sample variance). We also report the dispersion σ G determined from the gapper estimator, which is a preferred measurement, according to Beers et al. (1990) , for those clusters with fewer than 15 member redshifts.
The cluster redshifts and velocity dispersions are calculated using only galaxies identified as members, where membership is established using iterative 3σ clipping on the velocities (Yahil & Vidal 1977; Mamon et al. 2010; Saro et al. 2013) . The center at each iteration of 3σ-clipping is the biweight average, and σ is calculated from the biweight variance, or the gapper estimator in the case where there are fewer than 15 members. We do not make a hard velocity cut; the initial estimate of σ used in the iterative clipping is determined from the galaxies located within 4000 km s −1 of the center, in the rest frame. Figure 1 shows the velocity histogram for each cluster with 15 members or more, as well as an indication of emission-line objects and our determination of member and non-member galaxies.
Some entries in Table 4 have a star-shaped flag in the SPT ID column, which highlights possibly less reliable dispersion measurements. These include 8 clusters that have fewer than 15 measured member redshifts 6 , as well as SPT-CL J0205-6432 with N members = 15, for which the gapper and biweight dispersions differ by more than one sigma. Since these are not independent measurements but rather two estimates of the same quantity from the same data, we consider a one-sigma discrepancy to be large and an indication that the sampling is inadequate.
The Stacked Cluster
To examine the ensemble phase-space galaxy selection, we produce a stacked cluster from our observations; this stacked cluster will also be useful for evaluating our confidence intervals via resampling (see Section 4.2). We Fig. 1.-Histograms showing the proper velocities of galaxies selected for each cluster, where colors correspond to: (red) passive galaxies, (blue) emission-line galaxies, and (white) non-members. The central galaxy proper velocity is marked with a dotted line, though we note that this was not measured for six clusters, mostly at high redshift (z 0.8). Note. -Redshifts of individual galaxies. This is a partial listing, and the full table is available electronically. The entries listed here are the central galaxies, a subset of our observations. For each galaxy, the table lists the SPT ID of the associated cluster, a galaxy ID, right ascension and declination, the redshift z and associated uncertainty, redshift measurement method, and notable spectral features. The labels of the "z method" column are "rvsao-xc" and "rvsao-em", respectively, for the RVSAO cross-correlation to absorption features and fit to emission lines, and "template" for an in-house template-fitting method using the SDSS DR2 templates. Note. -This table shows the number N (≡ N members ) of spectroscopic members as determined by iterative 3σ clipping, the aperture radius a within which they were sampled in units of R200c,SPT, the robust biweight average redshift z with the uncertainty in the last two digits in parentheses, the "equivalent dispersion" calculated from the SZ-based SPT mass σSPT (see Section 3.2.1), and the measured gapper scale σG and biweight dispersion σBI. The star flag in the SPT ID column indicates potentially less reliable dispersion measurements (see Section 3.2). a for SPT-CL J0205-5829, see also Stalder et al. (2013) b for SPT-CL J0546-5345, see also Brodwin et al. (2010) c for SPT-CL J2040-4451, see also Bayliss et al. (2013) d for SPT-CL J2106-5844, see also Foley et al. (2011) e for SPT-CL J2344-4243, see also McDonald et al. (2012) generate it in a way that is independent of cluster membership determination. As the calculation of the velocity dispersion and membership selection are unavoidably intertwined, we use the SPT mass -the other uniform mass measurement that we have for all clusters -to normalize the velocities before stacking.
We make a stacked proper-velocity distribution independent of any measurement of the velocity dispersion by calculating the "equivalent dispersion" from the SPT mass. We convert the M 500c,SPT to M 200c,SPT assuming an NFW profile and the Duffy et al. (2008) concentration, and then convert the M 200c,SPT to a σ SPT (in km s −1 ) using the Saro et al. (2013) scaling relation. This σ SPT is listed in Table 4 for reference. We also normalize the distance to the SZ center by R 200c,SPT . The resulting phase-space diagram of the normalized proper velocities v i /σ SPT vs r i /R 200c,SPT is shown in Figure 2 . For reference, different velocity cuts are plotted. The black dashed line is a 3σ cut. The blue dotted line is a radially-dependent 2.7σ(R) cut, where again the σ(R) is from an NFW profile; this velocity cut is found to be optimal for rejecting interlopers by Mamon et al. (2010) (although when considering systems without red-sequence selection). While 3σ clipping was a natural choice of membership selection algorithm (given our sometimes small sample size for individual clusters), these different cuts demonstrate that we were generally successful at selecting member galaxies. The histogram of proper velocities is shown in the right panel, together with a Gaussian of mean zero and standard deviation of one. The agreement between the distributions is difficult to quantify due to the expected presence of non-members in the histogram. We will see in Section 5 that we measure a systematic bias in normalization. Table 5 contains spectroscopic redshifts and velocity dispersions from the literature for clusters detected by the SPT. Notably, 14 of these clusters are from Sifón et al. (2013) , which presents spectrosopic follow-up of galaxy clusters that were detected by the ACT. Because SPT and ACT are both SZ surveys based in the southern hemisphere, there is some overlap between the galaxy clusters detected with the two telescopes. We independently obtained data for five of the clusters that appear in Sifón et al. (2013) , and there is some overlap between the cluster members for which we have measured redshifts. These clusters are of some interest for evaluating our follow-up strategy, because the typical number of SPT-reported member galaxiesper dispersion is 25 (for N members ≥ 15), while for the overlapping Sifón et al. (2013) sample it is 55. All of the overlapping cluster redshifts and dispersions are consistent between our work and Sifón et al. (2013) at the one-sigma level, except for the velocity dispersion of SPT-CL J0528-5300. Its velocity histogram shows extended structure (Figure 1 ). The galaxies responsible for this extended structure are kept by the membership selection algorithm in this paper, but they were either not observed or not classified as cluster members by Sifón et al. (2013) . It is not possible to determine from the data in hand whether this discrepancy is statistical or systematic in origin.
Data in the Literature: Summary and Comparison
We note that ACT-CL J0616-5227, also studied in Sifón et al. (2013) , is seen in SPT maps but is excluded from the survey because of its proximity to a point source.
STATISTICAL METHODOLOGY IN THE FEW-N MEMBERS REGIME
In this section, we explore the statistical issues surrounding our obtaining reliable estimates of velocity dispersions and associated confidence intervals. A key element in our approach is "resampling", in which we extract and analyze subsets of the data, either on a clusterby-cluster basis, or from the stacked cluster that we constructed from the entire catalog. This allows us to generate large numbers of "pseudo-observations" to address statistical questions where we have too few observations to directly answer.
Unbiased Estimators
Estimators and confidence intervals for velocity dispersions are discussed in Beers et al. (1990) , which the reader is encouraged to review. They present estimators such as the biweight, that are resistant and robust 7 . As we are exploring the properties of the few-N members regime, we would also like our estimators to be unbiased, meaning that the mean estimate should be independent of the number of points that are sampled.
The first point that we would like to make on the subject is that the biweight dispersion (or more correctly, the associated variance) as presented in Beers et al. (1990) , is biased for samples, in the same way that the population variance, i (v i −v) 2 /n, is biased and the sample variance, i (v i −v) 2 /(n − 1), is not 8 . We use the biweight sample variance, which does not suffer from this bias (see, e.g., Mosteller & Tukey 1977) :
where v i are the proper velocities,v their average,
and u i is the usual biweight weighting
where MAD(v i ) is the median absolute deviation of the velocities. We calculate cluster redshifts using the same biweight average estimator that is presented in Beers et al. (1990) . Unlike the more subtle case of the variance, the biweight average is unbiased for all N members .
7 Resistance means that the estimate does not change much when a number of data points are replaced by other values; the median is a well-known example of a resistant estimator. Robustness means that the estimate does not change much when the distribution from which the data points are drawn is varied.
8 The fact that this estimator is biased is often acknowledged by researchers who use an unbiased version of the biweight, yet cite Beers et al. (1990) . Also, the implementation of the Fortran code companion to Beers et al. (1990) contains a partial correction of this bias, in a factor of n/(n − 1) multiplying the dispersion. A second issue related to bias at few N members is the possibility that the presence of velocity substructure would bias the estimation of the dispersion. We tested whether that was the case by extracting smaller pseudoobservations from the 18 individual clusters for which we obtained 30 or more member velocities. We did not use the stacked cluster here as substructure would be lost in the averaging. For each cluster, we randomly drew 1000 pseudo-observations with 10 ≤ N members ≤ 25. The cluster redshift and dispersion from those smaller, random samples was computed and compared to the value that was measured with the full data set. Figure 3 shows the results of this resampling analysis as a function of N members ; the black solid line is the average relative error (σ BI − σ pseudo−obs )/σ BI of the sample velocity dispersion of all samples across all clusters, while the colored solid lines depict the average relative error for the individual clusters. The average relative error departs from zero at the percent level. From this, we conclude that the observation of only a small number of velocities per cluster does not introduce significant bias in the measurement of the velocity dispersion for an ensemble of clusters.
However, we see that for some individual clusters that have many measured galaxy velocities, the distribution of velocities is such that measuring fewer members in a pseudo-observation yields, on average, a velocity dispersion that can have several to many percent difference with the one obtained with more members. This is a way in which observing few member galaxies will increase the scatter of observed velocity dispersions at fixed mass. The size of our sample does not allow us to pursue this effect thoroughly, but Figure 3 shows that this systematic increase in the scatter is of order 5%, relative to dispersions computed with more than 30 members. Saro et al. (2013) isolate the scatter that is not due to statistical effects and also find that the scatter due to systematics increases at few-N members and that this effect is most significant when N members is less than ∼ 30.
Confidence intervals
We now turn to the calculation of the statistical uncertainty on our measured redshifts and velocity dispersions. Beers et al. (1990) describe a number of different ways in which the confidence intervals on biweight estimators can be calculated. They conclude that the statistical jackknife and the statistical bootstrap both yield satisfactory confidence intervals. Broadly speaking, both of these methods estimate the confidence intervals by looking at the internal variability of a sample. The statistical jackknife constructs a confidence interval for an estimate from how much it varies when data points are removed. References.
- (1) Sifón et al. (2013) ; (2) Girardi et al. (1996) ; (3) Struble & Rood (1999, this paper does not contain confidence intervals); (4) Barrena et al. (2002) ; (5) Katgert et al. (1998) ; (6) Note. -Number of member-galaxy redshifts N (≡ N members ), cluster redshift and velocity dispersion for clusters found in the literature that are also SPT detections. In the cases where we are presenting our own spectroscopic observations, some of the information from Table 4 is repeated in the left half of the present table for reference.
The bootstrap generates a probability distribution function for the estimate from resampling the observed values with replacement a large number of times, often 1000 or more. The confidence intervals can then be found from the percentiles of this distribution. Many publications after Beers et al. (1990) have chosen the bootstrap; different practices seen in its use, with papers quoting asymmetric confidence intervals and others symmetric ones, have promtped us to inspect our uncertainties carefully.
The reason for using the statistical bootstrap or jackknife is the absence of an analytic expression for the distribution of the errors, given that the source distribution of velocities is unknown, as is the distribution of measured biweight dispersions. We use the stacked cluster as the best model of a cluster with our selection of potential member galaxies. As explained in Section 3.2.1, the availability of SPT masses for all clusters allows us to construct this stacked cluster independently of cluster membership determination or dispersion measurements. We draw a large number of pseudo-observations with replacement from the stacked cluster, perform member selection, and calculate the cluster's redshift and velocity dispersion from each pseudo-observation. Thus, we generate a probability distribution function for those quantities.
We find that the distribution of the measured cluster redshift is close to a normal distribution whose standard deviation is well described by:
This is the "usual" standard error; the 1/c factor converts between velocity and redshift, and the 1 + z factor is needed because σ BI is defined in the rest frame. At any given N members , the average bootstrap and jackknife uncertainties also reproduce this standard error. In the case of the velocity dispersion, the bootstrap and jackknife give confidence intervals that are too narrow. Simply put, those estimators use a sample's internal variability to infer likely properties of the population from which it was drawn. However, the variability is reduced by the membership selection, and the effect of that step is not included in the confidence interval.
The distribution of biweight sample dispersions measured in pseudo-observations after 3σ-clipping membership selection is also observed to be close to a normal distribution in our resampling analysis. We set out to model the standard deviation of this distribution, which is the uncertainty that we are looking for.
If we draw observations from a normal distribution of variance σ 2 and calculate the velocity dispersion as the "usual" (non-biweight) sample standard deviation from n members, without a membership selection step, then the distribution of the measured standard deviation is related to a chi distribution with n−1 degrees of freedom. Indeed, the sample standard deviation s is
This implies that
which is the definition of a chi distribution. The variance of the chi distribution varies very little between k = 10 and k = 100 degrees of freedom:
= 0.49 (k = 10) (9) = 0.50 (k = 100).
Therefore, taking the square root on each side to find the standard deviation ∆ of the dispersion estimate s:
Following the above, we model the uncertainty as
where C BI is a constant. We also parameterize the uncertainty on the gapper measurement in the same way, with a constant C G . Figure 4 shows the relative error in σ BI measured from the resampling analysis, as a function of N members , for 10 ≤ N members ≤ 60. The solid black line shows the average error, and the blue dashed line is the asymmetric root-mean-square error.
We find the numerical value of C BI as the mean ratio of the RMS error and 1/ √ N members − 1. We find that C BI = 0.92. The green dotted line of Figure 4 shows the uncertainty given by our model, ±0.92/ √ N members − 1. Similarly for the gapper scale, we find that C G = 0.91. Therefore, we find that the 3-σ membership selection combined with the biweight estimation of the dispersion gives an uncertainty increased by 30% compared with random sampling from a normal distribution, and also compared to the bootstrap and jackknife estimates. The larger errors are caused by non-Gaussianity in the velocity distribution and by the cluster membership selection, which can both include non-members and reject true members, generically leading to increased scatter in the measured dispersion.
We note that this effect is different than the systematic scatter shown in Figure 3 , where the measured dispersion changed significantly for some individual clusters when resampling with fewer galaxy members. This latter effect likely has both physical (e.g., velocity sub-structure in the cluster) and measurement (e.g., member selection, interlopers) origins. However, both effects will be present at some level in any dispersion measurement, and the results here are important benchmarks for simulations to compare to and reproduce.
COMPARISON OF VELOCITY DISPERSIONS WITH OTHER OBSERVABLES
In this section, we compare our cluster velocity dispersion measurements with gas-based observables and estimates of the cluster mass. In particular, we measure the normalization and the scatter of scaling relations between the two observables, and compare these to our expectations from simulations. We neglect effects related to the SZ cluster selection, variation of the cosmology, or potentially correlated intrinsic scatter between observables, and leave the accounting of these effects to future work. However, this comparison is still useful in understanding how our velocity dispersion mass estimates compare to those using other methods, and can also help identify systematics. Figure 5 shows 43 cluster biweight velocity dispersions from Table 4 plotted against the masses estimated from their SPT SZ signal (combined with X-ray observations where applicable; Table 1 , Section 2.1). The clusters that are included are those with N members ≥ 15 and z ≥ 0.3, except for SPT-CL J0205-6432, which was flagged as having a potentially less reliable dispersion measurement in Section 3.2. We also plot, as a solid line, the predicted scaling between dispersion and mass from Saro et al. (2013) 
Comparison with SPT Masses
where A = 939, B = 2.91 and C = 0.33, with negligible statistical uncertainty compared to the systematic uncertainty, whose floor is evaluated to be at 5% in dispersion (Evrard et al. 2008) . σ DM is the dispersion computed from dark-matter subhalos, which are identified as galaxies in simulations. This has a different functional form but is consistent with the Evrard et al. (2008) scaling relation. Our measurements appear to have a systematic offset relative to the model prediction. To quantify this offset, we compute the mean of the log mass ratio, ln(M 200c, dyn /M 200c, SPT ). For each cluster i, we compute this log mass ratio, and its associated uncertainty σ ln Mratio,i . The uncertainty in the ratio is estimated from the quadrature sum of the fractional uncertainty in the SZ and dynamical mass estimates. To the latter, we add the expected intrinsic scatter in dynamical to true-mass as estimated by Saro et al. (2013) :
The uncertainty on the SZ-based SPT mass already includes the effect of intrinsic scatter. The weighted average log mass ratio is
where the weights for each data point are given by 1/σ 2 ln Mratio,i , and the uncertainty on the average is given by 1/σ 2 = i 1/σ 2 ln Mratio,i . This average log ratio means that the dynamical mass is exp(0.33) = 1.39 times the SPT mass estimate. Figure 5 shows as a dashed blue line how the Nbody scaling relation is shifted if the log mass ratio is shifted by 0.33 to make the mass estimates coincide. Because the slope is 1/B = 1/2.91, the offset in log dispersion is (0.33 ± 0.10)/2.91 = 0.11 ± 0.03. In other The dotted line is identically zero. 1000 pseudo-observations were drawn with replacement at each N members , and three-sigma clipping membership selection was applied to each pseudo-observation before computation of the dispersion. The average relative error departs from zero at the percent level; from this we conclude that the observation of only a small number of velocities per cluster does not introduce bias in the measurement of the velocity dispersion, in an ensemble sense. However, it presents an additional source of error for individual clusters, which will increase the measurement scatter.
words, the measured velocity dispersions are on average exp(0.11) = 1.12 times their expected value given the Nbody simulation work and the current normalization of the SPT mass estimate. The size of this normalization offset is consistent with the expected size of systematic biases, as discussed in Section 5.3.
We quantify the level of Gaussianity in the dispersion estimates around the best-fit dispersion-mass relation by performing the Anderson-Darling test on the residuals. We find that the residuals are non-Gaussian at the 95% confidence level. If we remove the two clusters with the lowest dispersions (SPT-CL J0317-5935 and SPT-CL J2043-5035), we find per the Anderson-Darling test that the residuals are consistent with a normal distribution. This suggests that the scatter in ln σ is normali.e., that the dispersion distribution is log-normal -with a tail towards low dispersion, as might be suspected from the distribution of data points in Figure 5 .
If the statistical uncertainty on dispersion measurements of individual clusters has been correctly estimated and is much larger than any systematic uncertainty, then the fractional scatter in ln σ at fixed mass should roughly equal the average fractional uncertainty in the individual measurements. The mean uncertainty in log dispersion at fixed mass is 0.24, including the intrinsic scatter of the scaling relation and the uncertainty on the SPT mass. Analysis of mock observations from simulated clusters indicate that the combination of intrinsic, statistical, and systematic effects would lead to a log-normal scatter of 0.26 in dispersion at fixed mass (Saro et al. 2013 ). Both numbers are smaller but in general agreement with the measured scatter in ln σ at fixed mass, (0.31±0.03). Systematic effects can increase the scatter, as discussed in Section 5.3.
Comparison with X-ray Observations
In this section, we compare the velocity dispersion measurements to X-ray observables and mass estimates, and contrast these results with predictions from simulations. We also compare our results to those when using a separate low-redshift sample of comparable-mass clusters with similar velocity dispersion and X-ray observables.
For the clusters in this work, we primarily use X-ray measurements from a Chandra X-ray Visionary Project -Statistical uncertainty and relative error in the measured dispersion for pseudo-observations sampled from the stacked cluster, as described in Section 4.2. The black solid line shows the average error, the blue dash-dotted line is the asymmetric root-mean-square error, and the green dotted line is the (relative) uncertainty, ±0.92/ √ N members − 1. The parameter C BI = 0.92 from Equation 13 was fit using this root-mean-square error, hence the agreement of the lines. The dot-dashed line is identically zero. 1000 pseudo-observations were drawn with replacement at each N members , and three-sigma clipping membership selection was applied to each pseudo-observation before computation of the dispersion.
to observe the 80 most significantly detected clusters by the SPT at z > 0.4 (PI: B. Benson). This cluster sample has been observed and analyzed in a uniform fashion to derive cluster mass-observables (Benson et al. 2014 ) and cluster cooling properties (McDonald et al. 2013 ). In Table 6 , we give the X-ray measured ICM temperature, T X , and the Y X -derived cluster mass, M 500c,YX , for the 28 clusters that overlap with the sample from Benson et al. (2014) .
We also plot our results alongside velocity dispersion and X-ray measurements of comparable-mass lowredshift clusters taken from the literature. For the X-ray measurements, we use measurements of T X and M 500c,YX from the low-z sample of Vikhlinin et al. (2009) , which were produced following an analysis identical to that used in Benson et al. (2014) . The velocity dispersions for many of those galaxy clusters were calculated in a uniform way in Girardi et al. (1996) . These velocity dispersion measurements were made with a different galaxy selection and more cluster members, and so will carry different systematics from our own. They nonetheless provide an interesting baseline for comparison. We will see that the scatter of those data points is smaller that that of our sample. Taking instrinsic scatter and mass uncertainties into account, the measured scatter of the literature sample at fixed mass is consistent both with our analysis from Section 4.2 and with the Girardi et al. (1996) uncertainties, and therefore is due to the lower statistical uncertainty. Figure 6 shows the velocity dispersion versus X-ray temperature and versus M 500c,YX . The blue points are our data, and the black crosses are the data from the literature; these literature data are listed for reference in Table 6 .
The left panel of Figure 6 shows dispersion versus T X . The empirical best-fit scaling relation from Girardi et al. (1996) , where σ ∝ T 0.61 X , is plotted as a solid line; this scaling relation is consistent with the Vikhlinin et al. (2009) temperatures used here, although it was fit using X-ray temperatures from a different source, David et al. (1993) . The comparison to the temperature is especially interesting in that there is, to first order, a simple correspondence between temperature and velocity dispersion. Assuming that the galaxies and gas are both in equilibrium with the potential (see, e.g., Voit 2005) , then σ 2 = k B T X /(µm p ), where m p is the proton mass, and µ the mean molecular weight (we take µ = 0.58; see Girardi ) Saro et al. (2013) Shifted for mean log mass ratio Table 4 as a function of SZ-based SPT masses (Table 1 , Section 2.1) for clusters with N members ≥ 15 and z ≥ 0.3. The figure also shows the scaling relationship between velocity dispersion and mass expected from dark-matter simulations as a solid line (Saro et al. 2013) . The dashed line is this same scaling relationship, shifted to show the average scaling relationship implied by the mean log mass ratio of the data points. et al. 1996 ). This energy equipartition line is plotted as a dashed line in the left panel of Figure 6 . Real clusters show a deviation from this simple model, but it offers an interesting theoretical baseline, one independent of data or simulations. This relation implies that the temperature and velocity dispersion have a similar redshift evolution, which is why the quantities in this plot are uncorrected for redshift.
The X-ray Y X observable, while not independent from T X , is expected to be significantly less sensitive to cluster mergers than T X , with simulations predicting Y X to have both a lower scatter and to be a less biased mass indicator (see, e.g., Kravtsov et al. 2006; Fabjan et al. 2011) . For this reason, we also plot the velocity dispersion against M 500c,YX (times a redshift-evolution factor), in the right panel of Figure 6 . The dot-dashed line is the scaling relation predicted from the simulation analysis of Saro et al. (2013) .
Computing the average log ratio of the dynamical and Y X -based masses gives 0.26 ± 0.12, corresponding to a bias of 0.09 ± 0.04 in log dispersion. This was computed, in the previous section, to be 0.33 ± 0.10 in the case of dynamical and SPT masses, corresponding to 0.11 ± 0.03 in log dispersion. The residuals of the dispersion-M 500c,YX relation have a measured scatter in dispersion of 0.31 ± 0.03, which is the same as the measurement made using the SZ-based SPT mass. The Anderson-Darling test gives similar results to the residuals of the previous section, suggesting a normal scatter in ln σ with a tail towards low dispersion.
While there is very good agreement between the scaling relations comparing the dispersion to the SPT and X-ray mass estimates, we note that the results are not independent. Nine of the clusters included in this work from Reichardt et al. (2013) quoted joint SZ and X-ray mass estimates, which we have included in our sample of SPT mass estimates. In addition, the SPT significancemass relation used in the SZ mass estimates was in part calibrated from a sub-sample of SPT clusters with Xray mass estimates, which have effectively calibrated the SPT cluster mass normalization. Regardless, the majority of clusters in this work have SPT mass estimates derived only from the SPT SZ measurements, which have very different noise properties from the X-ray measure- M 500c,Y X h(z) (10 14 M ⊙ ) Girardi et al. (1996) Energy equipartition Saro et al. (2013) Shifted for mean Saro et al. (2013) Shifted for mean Fig. 6 .-Velocity dispersion compared to X-ray properties. The blue points are our sample, and the black crosses are the data from the literature, with X-ray data from Vikhlinin et al. (2009) and dispersions from Girardi et al. (1996) ; two of them are also low-redshift SPT detections and are circled. Left panel: velocity dispersion vs. X-ray temperature. The dot-dashed line is the best-fit scaling relation from Girardi et al. (1996) . The dashed line shows the scaling expected if galaxies and gas were both in equilibrium with the gravitational potential. Right panel: velocity dispersion vs. M 500c,Y X . The solid line is the scaling relation from (Saro et al. 2013) , and the dashed line is this same scaling relationship, shifted to show the average scaling relationship implied by the mean log mass ratio of the data points.
ments, therefore the agreement in the measured scatters is not entirely trivial.
Systematics
There are two different, although related, systematics that affect the interpretation of velocity dispersion measurements: systematics that can affect the measurement of the velocity dispersion of galaxies, and a possible velocity bias between the galaxies and the underlying dark matter halo. The velocity bias cannot be empirically measured in our data. However, both effects have been quantified in recent cluster simulation studies (Saro et al. 2013; Gifford et al. 2013; Munari et al. 2013; Wu et al. 2013) . In principle, the velocity bias could explain part of the offset between our measurements and the predicted relation from N-body simulations, described in Sections 5.1 and 5.2. The velocity bias has been estimated to be on order of ∼5% by Evrard et al. (2008) . More recent studies have found a spread in the velocity bias of ∼10% when comparing different tracers and algorithms for predicting the galaxy population (Gifford et al. 2013 ) and comparing dark-matter with hydrodynamic simulations (Munari et al. 2013; Wu et al. 2013) .
The measured velocity dispersion can be biased from the true value by the galaxy selection of the measurements, in principle being affected by systematics relating to the luminosity, color, and offset from the cluster center of the galaxies. The observations will also have some amount of imperfect membership determination, due to the presence of interlopers.
Of those effects, the luminosity of the selected galaxies has the potential to create the largest bias, according to recent simulation work showing that brighter galaxies have a smaller velocity dispersion (Saro et al. 2013; Old et al. 2013; Wu et al. 2013; Gifford et al. 2013) . Observing only the 25 brightest galaxies of the halo leads to the velocity dispersion being biased low by as much as ∼5-10%. These results are difficult to directly compare to our measurements, because the simulated observations use the N brightest galaxies, while real ones target a more varied population. Nonetheless, it is true that brighter galaxies are targeted in priority in our ob- servations. As far as our data is concerned, we took the 18 clusters for which we obtained 30 or more member velocities, and compared the dispersion of the 15 brightest galaxies (among those observed spectroscopically) with our best value. The bright galaxies have a dispersion that is (5 ± 4)% lower than the measured dispersion. The effect of the radius at which the galaxies are sampled is discussed in Sifón et al. (2013) . They conclude that there are too many uncertainties to accurately correct for a potential bias. Regardless, they estimate the systematic bias compared to sampling all the way to the virial radius by using mock observations of a simulated cluster. They find an average correction of 0.91 to the velocity dispersions and 0.79 to the dynamical masses; in other words, the measured velocity dispersions are biased high by 10%. That a small aperture radius should bias the velocity dispersions high is in line with the results of Saro et al. (2013) and Gifford et al. (2013) .
We performed a related test of the radial dependence of the dispersion using our best-sampled clusters. For the 18 clusters with 30 or more member velocities, we compared the dispersion of the half of the galaxies that are the most central with the half that are further away from the center. There is no statistically significant difference between the most central galaxies and the most distant, their dispersions differing by (−2 ± 6)%. Our data sample cluster member galaxies out to a projected radius that is typically ∼0.5 Mpc h −1 70 , which is generally less that the virial radius. As a result, our data are not always directly comparable to the numbers quoted from the literature. Gifford et al. (2013) also explores the effect of measuring velocity dispersion from galaxies that are a mix of red (passive) and blue (in-falling) cluster members. including blue galaxies alongside red galaxies in the spectroscopic sample, and find that including a few blue galaxies only has a small differential effect on the measured dispersion.
In addition to causing a bias in the measurement, systematics can also increase the scatter. The resampling of Section 4.1 implies that there is an increase in the scatter at few-N members due to the different shapes of the velocity distribution of individual clusters. Saro et al. (2013) find that the scatter due to systematics is most significant when N members 30.
More feedback between statistical studies of much larger spectroscopic samples than the present one and simulation work will be needed to understand precisely how those effects affect the measured velocity dispersion. One could imagine using the color, magnitude, position and number of the galaxies with a spectroscopic redshift to compute a correction factor to the dispersion, or relative weights for the proper velocities, that would eliminate the systematic bias and scatter from the sources discussed above.
CONCLUSIONS
We have reported the first results of our systematic campaign of spectroscopic follow-up of galaxy clusters detected in the SPT-SZ survey. We have measured cluster redshifts and velocity dispersions from this data and conducted several tests to investigate the robustness of these measurements and the correlation between the velocity dispersions and other measures of cluster mass. The main findings from these tests are:
• We find our strategy of obtaining redshift and velocity dispersion estimates from a small number of galaxies per cluster (typically, N members 30) to be valid. By performing resampling tests that extract subsamples from a larger parent distribution, we observe no bias as a function of N members in the redshift and percent-level bias in the dispersion measurements. We find, however, that the scatter is increased at few-N members ; this systematic increase is due to the shapes of the velocity distribution of individual clusters (Section 4.1).
• We fit an expression for the statistical confidence interval of the biweight dispersion after membership selection. It is given by Equation 13, and we find that C BI = 0.92. This interval is ∼30% larger than the intervals commonly obtained in the velocity dispersion literature by using the statistical bootstrap. The larger width is due to the membership selection step and the shape of the observed velocity distribution.
• We compare the velocity dispersions to the SZbased SPT mass M 500c,SPT , as well as to X-ray temperature measurements and M 500c,YX . In both comparisons with a mass, the measured velocity dispersions are larger by ∼ 10% on average than expected given the dispersion-mass scaling relation from dark-matter simulations and their SZ-based SPT or X-ray mass estimates. This offset is consistent with the size of several potential systematic biases in the measurement of dispersions. However, a more complete understanding of its origin should include additional measures of total mass (e.g., weak lensing), and a self-consistent analysis that includes marginalization over uncertainties in cosmology and the observables scaling relation with mass. We present such an analysis in Bocquet et al. (2014) . The ∼ 30% measured log-normal scatter in the dispersion measurements at fixed mass is slightly larger than, but generally consistent with, the expectation from simulations.
A more complete understanding of the dispersionmass relation, which more closely coupled observationally strategies across a range of simulations, would help to reduce systematic uncertainties. Observed velocity dispersions could depend in a systematic way on the color, magnitude, and spatial selection of cluster galaxies targeted for spectroscopic measurement. Work with simulations has improved our understanding of the magnitude of systematic sources of uncertainty in velocity dispersion mass estimates, but there is has not yet been a convergence of results among different simulations. A better quantification of systematic errors will require a combination of detailed, large-volume simulations and samples of clusters with many spectroscopic members. The ultimate goal should be a formula that maps a catalog of data -individual galaxy positions, magnitudes, colors, and recession velocities -into a cluster mass estimate that incorporates the various biases and uncertainties that result from the properties of the galaxy population that are used to estimate that cluster mass estimate. Such a formula will ultimately allow for better cosmological constraints from cluster surveys, which are currently limited by systematic uncertainties in the cluster mass calibration.
